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NephrogenesisThe functional unit of the kidney is the nephron. During its organogenesis, the mammalian metanephric
kidney generates thousands of nephrons over a protracted period of fetal life. All nephrons are derived from a
population of self-renewing multi-potent progenitor cells, termed the cap mesenchyme. However, our
understanding of the molecular and cellular mechanisms underlying nephron development is at an early
stage. In order to identify factors involved in nephrogenesis, we performed a high-resolution, spatial proﬁling
of a number of transcriptional regulators expressed within the cap mesenchyme and early developing
nephron. Our results demonstrate novel, stereotypic, spatially deﬁned cellular sub-domains within the cap
mesenchyme, which may, in part, reﬂect induction of nephron precursors. These results suggest a hitherto
unappreciated complexity of cell states that accompany the assembly of the metanephric kidney, likely
reﬂecting diverse regulatory actions such as the maintenance and induction of nephron progenitors.
© 2009 Elsevier Inc. All rights reserved.IntroductionThemammalianmetanephric kidney, in its simplest sense, consists
of an array of tubules, termed nephrons, connected to a branched
collecting system, the ureteric epithelium and served by a highly
organized vascular network. Nephrons are the basic functional unit of
the kidney, the number of which varies from tens of thousands to
hundreds of thousands, depending on the mammalian species
(Cullen-McEwen et al., 2001; Nyengaard and Bendtsen, 1992).
Nephrogenesis, the de novo formation of nephrons, occurs over an
extensive period of both fetal and early post-natal life to generate the
full complement of nephrons (Saxén, 1987; Hartman et al., 2007). The
main body of the nephron, the renal tubule, comprises an epithelium
segmented into distinct specialized domains along a proximal
(glomerular) to distal (collecting duct) axis (El-Dahr et al., 2008;
Kopan et al., 2007). These different regions are responsible for
resorption and modiﬁcation of the plasma ﬁltrate that enters at the
glomerulus and exits the kidney as urine via the ureter.
A program of repetitive reciprocal inductive interactions between
the intermediate mesoderm (IM) mesenchyme and the IM-derived
ureteric epithelium drives the assembly of the metanephric kidney
(Grobstein, 1953, 1955; Gruenweld, 1952). At the onset of mousecMahon).
ty of North Carolina at Chapel
sity of Virginia, Charlottesville,
l rights reserved.metanephric development at embryonic day 10.5 (E10.5), the poster-
ior IM mesenchyme expresses Gdnf. GDNF induces the adjacent
ureteric bud to invade and branch within the mesenchyme (Costan-
tini, 2006; Costantini and Shakya, 2006; Pepicelli et al., 1997; Vega et
al., 1996). We have recently demonstrated that the mesenchymal cells
of the E10.5 posterior IM largely consist of two sub-populations, an
outer population of Foxd1+ cells, termed the cortical interstitial
mesenchyme, and an inner core of Six2+ cells termed the cap
mesenchyme (Mugford et al., 2008b). Throughout the remainder of
metanephric development, the cap mesenchyme maintains Gdnf
expression and remains closely associated with the tips of the
branching ureteric epithelium in the cortical zone of the kidney
(Pepicelli et al., 1997). This expression domain ensures the outward
growth of the ureteric epithelium and ultimately the establishment of
the arborized network of the collecting duct system.
Concurrent with each branching event, the ureteric epithelium
induces a portion of the cap mesenchyme to undergo a mesenchymal
to epithelial transition via the canonical Wnt signaling pathway
(Carroll et al., 2005; Park et al., 2007). Recent studies demonstrate
that the cap mesenchyme is a multi-potent, self-renewing population
of nephron tubule progenitors and is maintained in a progenitor state
by the transcriptional regulator Six2 (Boyle et al., 2008; Kobayashi et
al., 2008; Self et al., 2006). Upon induction, cells of the cap
mesenchyme down-regulate Six2, activate Fgf8, Wnt4, Lhx1 and Pax8
and form the pretubular aggregate, the precursor to the renal vesicle,
on the ventral (medullary) side of each branching tip (Bouchard et al.,
2002; Grieshammer et al., 2005; Kobayashi et al., 2005b; Perantoni et
al., 2005; Stark et al., 1994). In response to a number of recently
deﬁned regulatory pathways, the renal vesicle undergoes a series of
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themain body of the mature nephron and connect back to the ureteric
epithelium (Cheng et al., 2007, 2003; Grieshammer et al., 2005;
Kobayashi et al., 2005a; Nakai et al., 2003; Perantoni et al., 2005;
Wang et al., 2003).
In order to shed additional light on the genetic programs
regulating nephrogenesis, we have addressed the relationship
among domains of regulatory gene expression and cellular organiza-
tion by examining the spatial expression of transcriptional regulators
previously annotated within the cap mesenchyme and the induced
renal vesicle (www.gudmap.org). Our results demonstrate that the
capmesenchyme, all Six2+ cells lying between the ureteric tip and the
cortical-most nephrogenic interstitium, is not a homogeneous
population. In this, gene expression stereotypically divides the Six2+
nephron progenitor compartment into three sub-domains, deﬁned
here as the inner capping mesenchyme, the outer capping mesench-
yme and the induced mesenchyme. The likely domain of uninduced
nephron progenitors is reﬁned to a sub-domain that is both negative
for factors associated with nephron induction and also likely
refractory to the primary inductive action of canonical Wnt signaling.
Interestingly, our analysis demonstrates evidence of a canonical Wnt
response in the developing interstitial mesenchyme suggesting a
broader role for Wnt action beyond the cap mesenchyme. Finally, the
data demonstrate that, upon induction, the pretubular aggregate is
already polarized with respect to speciﬁc molecular markers, prior to
formation of the epithelial renal vesicle; polarization is maintained
throughout the early development of the nephron. By reﬁning our
understanding of gene expression within the cap mesenchyme and
developing nephron, these data suggest that metanephric develop-
ment involves coordinated gene activity in order tomaintain a balance
of progenitor self-renewal, nephron induction and cell fate decisions
during nephron patterning.
Results
Gene expression patterns can be classiﬁed into ten different categories
In order to map the expression domains of transcriptional
regulators at high resolution in the E15.5 cap mesenchyme, we
examined the results of a genome scale low-resolution whole-mount
in situ hybridization (WISH) screen of mammalian transcriptional
regulators available through the GUDMAP resource (Little et al., 2007;
McMahon et al., 2008; Yu et al., in preparation; www.gudmap.org).
Forty-ﬁve genes (listed throughout Fig. 1) were identiﬁed that were
expressed within the cap mesenchyme, though we did not eliminate
genes expressed in other populations. We then performed section in
situ hybridization (SISH) for each of these and annotated expression in
the following structures according to following established ontolo-
gies: the renal capsule, the cortical interstitial mesenchyme, the cap
mesenchyme, the ureteric epithelia and the renal vesicle (Little et al.,
2007). Based upon these annotations, transcripts were grouped into
categories and a representative schematic of each category was
created (Fig. 1A). In total, ten distinct expression categories were
identiﬁed (Figs. 1B–K).
Genes within category 1, exempliﬁed by Zfp316 (Fig. 1B), were
expressed throughout the nephrogenic zone at varying levels,
including the cap mesenchyme, cortical interstitial mesenchyme
precursors, ureteric epithelium, renal capsule and renal vesicles.
Rxrb exempliﬁes expression domain category 2, which is similar to
that of category 1, but excludes expression in the renal capsule (Fig.
1C). Meis2 is representative of category 3 genes; no expression was
detected in either the renal capsule or ureteric epithelium (Fig. 1D).
Hoxc5 fell into its own category; expression was absent from cells of
the renal vesicle, ureteric epithelium and a small portion of
mesenchyme beneath the ureteric tip (Fig. 1E, arrow). This latter
mesenchyme (CM region 3 in Fig. 1A) is likely the site of pretubularaggregate formation and will be referred to as the induced
mesenchyme.
The majority of the genes examined fell into categories 5 and 6
(Figs. 1F, G). Category 5 genes, as exempliﬁed by Zfp219, were
expressed in the ureteric epithelium, renal vesicles and cap mesench-
yme (Fig. 1F) whereas genes such as Hoxa10 were only expressed in
the latter two cell populations (Fig. 1G). The expression pattern of
Brpf1 (Fig. 1H) was unique. Expression was detected in the ureteric
epithelium, renal vesicle and the induced mesenchyme (Fig. 1H,
arrowhead); a reciprocal pattern to that of Hoxc5.
Finally, genes within categories 8 through 10 (Figs. 1I–K) were
expressed only within the cap mesenchyme, though qualitative
differences were observed among these expression domains. Six2
(Fig. 1I) is representative of a class of genes expressed throughout the
entire cap mesenchyme (regions 1 through 3 in Fig. 1A). In contrast,
Cited1 expression appears to be excluded from induced mesenchyme
(compare arrowhead in Fig. 1I and arrow in Fig. 1J). Category 10 genes,
as represented by Meox1, were expressed in a small subset of cap
mesenchyme cortical to the ureteric tip (CM regions 2 in Fig. 1A), but
excluded from the induced mesenchyme and the mesenchyme close
to the cleft between adjacent tips of a single ureteric branch (CM
regions 3 and 1 in Fig. 1A, respectively; Fig. 1K, black arrow and white
arrow, respectively).
The nephrogenic zone consists of distinct cellular domains
Sincenephronprogenitors liewithin the capmesenchyme (Boyle et
al., 2008; Kobayashi et al., 2008; Self et al., 2006), we focused on
deﬁning the domains represented by categories 8 through 10 at, or
close to, single cell resolution. Osr1 is expressed in a similar domain to
Six2 (James et al., 2006; Mugford et al., 2008b) (Fig. 1I) and Wnt4 is
expressed in induced cap mesenchyme (Stark et al., 1994). We have
previously reported the generation of an eGFPCreERT2 knock-in to the
Osr1 locus (Osr1m1(cre/ERT2)Amc, referred to here asOsr1GCE/+) (Mugford
et al., 2008b) and have also generated an eGFPCre knock-in to theWnt4
locus (Wnt4GC/+) (A. Kobayashi and A.P. McMahon, unpublished
reagent). Consequently, the activity of the Osr1 and Wnt4 loci can be
monitored by the presence of GFP in the E15.5 metanephric kidney of
Osr1GCE/+ orWnt4GC/+ embryos, respectively.
As suggested by the ISH results, Osr1-driven GFP and Six2 were
completely overlapping in the cap mesenchyme of E15.5 Osr1GCE/+
embryos (Figs. 2A, C, D, arrowheads and concave arrowheads).
Conﬁrming our ISH results, Cited1 was absent speciﬁcally in Six2+,
GFP+ cells of the induced mesenchyme (Figs. 2A–D, concave arrow-
heads). All other Six2+, GFP+ cells were Cited1+ (Figs. 2A–D, arrow-
heads). Furthermore, in E15.5 Wnt4GC/+ embryos, Six2+, GFP+ cells
were observed within cells of the induced pretubular aggregate ventral
to the ureteric bud; however, Six2 levels are notably reduced as
compared to Six2+, GFP− cells. As expected, Six2+, GFP+ cells in
Wnt4GC/+ kidneys were Cited1− (Figs. 2F–J, arrowheads). Thus, in
nephron progenitors, Six2 is present within cells that have undergone
induction, but is gradually down-regulated as the inductive process
progresses. In contrast, there is a sharp border between Cited1+ and
Cited1− cells that discriminates between non-induced and induced
nephronprogenitors. From this point forward,we refer to Six2+, Cited1+,
Wnt4−mesenchyme as the “cappingmesenchyme” and Six2+, Cited1−,
Wnt4+ cells as “inducedmesenchyme”. The entire Six2+mesenchyme is
considered the “cap mesenchyme”.
We have previously demonstrated that Pax2 is present in all Six2+
cells and that these Six2+, Pax2+ cells are not part of the Foxd1+ cortical
interstitial mesenchyme population (Mugford et al., 2008b). Pax2
immunostaining was used in combinationwith SISH for Six2, Eya1, Bbx,
Dpf3 andMeox1 to establish the spatial relationships among these genes
and Six2 expressing cells. As expected, Six2 was expressed in all Pax2+
cap mesenchyme cells (Fig. 2P, black arrowheads) but not in the Pax2+
pretubular aggregate or ureteric epithelium (Fig. 2P, white arrowhead
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Fig. 2. Combinatorial analysis of expression patterns reveals new domainswithin the capmesenchyme. (A–O) Confocal immunoﬂuorescence of E15.5Osr1GCE/+ (A–E),Wnt4GC/+ (F–J) or
wild-type (K–O)metanephric kidneys immunostained for Six2 (A, F), Cited1 (B, G), GFP (C,H)Cytokeratin (K),Hoxd11, Foxd1,WT1 (L) and Flk1 (M). Nuclei stained forHoechst 33258 (E, J,
O).Merged images (D, I, N). (P–R) Immunohistochemistry for Pax2 combinedwith in situhybridization for Six2 (P), Eya1 (Q) andMeox1 (R). (S) Schematic representation of novel domains
within the capmesenchyme.Dashed lines (A–J, P–R) indicate theureteric epithelium. Arrowheads and concave arrowheads (A–D) indicate Six2+, Cited1+, GFP+and Six2+, Cited1−, GFP+
cells, respectively. Arrowheads (F–I) indicate Six2+, Cited1−, GFP+ cells. Arrowheads (K–N) indicate Flk1+ endothelium. Black andwhite arrowheads (P) indicate Pax2+, Six2 expressing
mesenchyme and Pax2+pretubular aggregate, respectively. Arrowheads and concave arrowheads (Q) indicate Pax2+, Eya1 expressingmesenchyme and Pax2+mesenchyme, respectively.
Arrowheads,white concave arrowheads andblack concave arrowheads (R) indicate Pax2+,Meox1 expressingmesenchymeandPax2+mesenchymenear thenephric duct cleft and cortical
to the renal vesicle, respectively. Scale bars=50 μm.
315J.W. Mugford et al. / Developmental Biology 333 (2009) 312–323and dashed line, respectively). Eya1 (Fig. 2Q) and Bbx (data not shown)
were expressed in the majority of Pax2+ cap mesenchyme (Fig. 2Q,
arrowheads), but were excluded from a small portion of Pax2+ capping
mesenchyme adjacent to the cleft of the branching ureteric epithelium
and the Pax2+ ureteric epithelium (Fig. 2Q, concave arrowheads and
dashed line, respectively). We also noted that not all Pax2+ mesench-
ymal cells were Eya1+ at E10.5, E11.5 or E12.5 (data not shown).
Therefore, though we had initially assigned Six2 and Eya1 to the same
expression category by single SISH (Fig. 1I), upon closer inspectionwith
additional markers, Eya1 and Bbx in fact form a separate expression
domain within the capping mesenchyme, distinct from Six2 and Osr1.
Finally,Meox1 (Fig. 2R) and Dpf3 (data not shown) were expressed in a
limited number of Pax2+ capping mesenchyme cells. Neither was
expressed in either the Pax2+ cappingmesenchymeadjacent to the cleft
of the branching ureteric epithelium, the Pax2+ induced mesenchyme
or the Pax2+ ureteric epithelium (Fig. 2R, black concave arrowheads,
white concave arrowheads and dashed line, respectively). From this
point forward, we deﬁne the Pax2+, Eya1−, Meox1− cappingmesench-
yme adjacent to the cleft of the branching ureteric epithelium as the
“inner capping mesenchyme”, whereas the Pax2+, Eya1+, Meox1+
capping mesenchyme as the “outer capping mesenchyme”.
Hoxd11 and WT1 were expressed throughout the interstitial and
cap mesenchyme (Fig. 1D). Furthermore, Foxd1 is expressed exclu-
sively in the cortical interstitial mesenchyme (Hatini et al., 1996) and
Cytokeratin is present within the nephric duct epithelium (Fig. 2K)Fig. 1. Categorized gene expressionwithin the cap mesenchyme. (A) Schematic representatio
(B–K) SISH for representative transcriptional regulators and the schematic interpretation and
expression in aggregating mesenchyme. Black arrowheads (H, I) indicate expression in aggre
the cleft of the ureteric epithelium. C = renal capsule, IM = interstitial mesenchyme, CM=(Fleming and Symes, 1987). Interestingly, immunostaining for the
combination of Cytokeratin, Hoxd11,WT1 and Foxd1 labeledmost, but
not all cells within the nephrogenic zone; one to three cells residing
among the interstitial mesenchyme between the branching ureteric
epitheliumwere not labeled (Figs. 2K, L arrowhead). These remaining
cells were positive for the vascular markers Flk1 (Fig. 2M, arrowhead)
and PECAM (data not shown), indicating that these cells are likely
vascular endothelial progenitors.
Taken together, our results provide evidence for an unappreciated
spatial and molecular complexity to the organization of mesenchyme
within the nephrogenic zone of the developing kidney (Fig. 2S). The
mesenchyme immediately in contact with the ureteric epithelium
(the cap mesenchyme) can be resolved into three distinct compart-
ments, the inner capping mesenchyme, the outer capping mesench-
yme and the induced mesenchyme. These compartments may, in part,
reﬂect induction of nephron precursors. Interstitial progenitors ﬁll up
much of the remaining cellular space between the capsule and cap
mesenchyme, while a small population of vascular progenitors lie
within the cleft of each branching ureteric bud.
Pea3, Lef1 and Wnt4 co-expression identiﬁes induced cap mesenchyme
cells
We next sought to identify a combination of molecular markers
that deﬁnitively mark the ﬁrst inductive responses within the capn of the nephrogenic zone. Numbers indicate sub-domains within the capmesenchyme.
categorization of all expression patterns examined. Black arrows (E, K, J) indicate lack of
gating mesenchyme. White arrow (K) indicates lack of expression in mesenchyme near
cap mesenchyme, RV = renal vesicle and UE = ureteric epithelium. Scale bars=50 μm.
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pathway to induce the cap mesenchyme and is upstream of all
known markers of nephrogenesis, including Wnt4, Fgf8, Pax8 and
Lhx1 (Carroll et al., 2005; Park et al., 2007). The transcriptional
regulator Lef1 is a known downstream target of canonical Wnt
signaling and acts as a feed-forward component of the canonical Wnt
pathway (Driskell et al., 2004; Filali et al., 2002). Furthermore, Lef1 is
up-regulated in isolated rat metanephric mesenchyme in response to
Wnt agonists (Kuure et al., 2007). Fgf8 is genetically upstream of
Wnt4 and required for the maturation of the induced nephron
(Grieshammer et al., 2005; Perantoni et al., 2005). This indicates a
required role for continued FGF signaling within the pretubular
aggregate for the progression of inductive process and the establish-
ment of the renal vesicle. Additionally, FGF signaling is potentially
required for the survival of the cap mesenchyme (Poladia et al., 2006).
The transcriptional regulator Pea3 is a known target of Gdnf signaling
(Haase et al., 2002) and a subset of FGF signals, predominantly Fgf8
(Roehl and Nusslein-Volhard, 2001). Up-regulation within the
branching tip of the ureteric epithelium likely reﬂects Gdnf induced
branching morphogenesis. In contrast, Gdnf signaling in the mesench-
yme has not been documented and the GDNF receptor c-Ret is not
expressed within the cap mesenchyme (Majumdar et al., 2003).
Therefore, the presence of Pea3 within the cap mesenchyme likely
reﬂects an FGF response in this population and enables the
visualization of FGF signaling within the cap mesenchyme and
induced nephron. Consequently, Lef1, Pea3 and Wnt4 activity can
potentially identify ongoing responses to critical signaling inputs
within the nephron progenitor compartment.
In E11.5Wnt4GC/+metanephric kidneys, Lef1 was present in GFP+,
Pax2+ cells on the future medullary aspect beneath the initial branch
of the ureteric epithelium, but not the future cortical side (Figs. 3A–E,
concave arrowheads and asterisk, respectively). In phenotypically
wild-type E11.5Wnt9b+/−metanephric kidneys, Pea3+, Lef1−, Pax2+
cap mesenchyme was present on the cortical side of the ureteric bud
(Figs. 3F–J, asterisk), while on the medullary side, Lef1, Pea3 and Pax2
were present in the same cells (Figs. 3F–J, yellow arrowhead). Lef1−,
Pax2+, Pea3+ (Figs. 3F–J inset, concave arrowheads) and Lef1+,
Pax2+, Pea3− cells were also present in this position (Figs. 3F–J
white arrowheads). Conversely, in E11.5 Wnt9b−/− metanephric
kidneys, where a Wnt inductive response is absent (Carroll et al.,
2005), Lef1 was not present in Pax2+ mesenchyme cells (Figs. 3K–O,
arrowhead), though Pea3 and Pax2 co-label a subset of mesenchyme
cells in both cortical and medullary positions (Figs. 3K–O, asterisk
and concave arrowhead, respectively). These data suggest that Lef1Fig. 3. Lef1, Pea3 andWnt4 denote induced cap mesenchyme cells. (A–O) Confocal immunoﬂuo
kidneys immunostained for Pax2 (A, F, K), Lef1 (B, G, L), GFP (C) and Pea3 (H,M). Nuclei stained f
epithelium. Asterisks (A–D, F–I, K–N) indicate cortical Pax2+ cap mesenchyme. Arrowheads an
respectively. Arrowheads, yellowarrowheads and concave arrowheads (F–J) indicate Lef1+, Pea
boxes (F–J) indicate inset area. Arrowheads and concave arrowheads (K–N) indicate Lef1−, Peprovides an appropriate readout of canonical Wnt induction of the
cap mesenchyme and that a combination of Pea3, Lef1 and Wnt4
expression can be used to spatially characterize inductive responses
within the cap mesenchyme.
Inductive markers are not present in Cited1+ cells
As noted earlier, no activation of Wnt4 was observed in E15.5
Cited1+ capping mesenchyme cells, suggesting that Cited1 distin-
guishes between induced and non-induced nephron progenitors. We
next assessed the relationship of Pea3 and Lef1 to Cited1. As
previously reported (Boyle et al., 2007), Cited1 was present in the
nephric duct epithelia and in only a few cells of the metanephric
mesenchyme at E10.5 (Figs. 4C, D, dashed line and arrowhead,
respectively). Cited1+ cells accumulated within the capping
mesenchyme between E10.5 and E12.5 (Figs. 4H, I, M, N, arrowheads)
such that by E12.5, Cited1 was present throughout the capping
mesenchyme, a pattern maintained throughout nephrogenesis (Figs.
2R, S, arrowheads). Pea3 was present in all Cited1+ cells at all time
points examined (Figs. 4A–T, arrowheads), whereas no overlap was
detected between Cited1 and Lef1. As nephrogenesis commenced,
Lef1+, Pea3+ cells were detected in induced nephron structures,
though Pea3 was conﬁned to distal nephron structures (Figs. 4F–T,
yellow concave arrowheads and data not shown).
These results indicate that while the Cited1 capping mesenchyme
domain is established between E10.5 and E12.5, Cited1+ cells are
likely actively responding to FGF, but not canonical Wnt signaling.
Indeed, the reciprocal relationship between Cited1 and Lef1/Wnt4
expression provides a distinct separation between induced and
uninduced nephron progenitors.
Inhibition of GSK-3b does not cause ectopic induction in the Cited1
domain
We have demonstrated that in its normal context, the capping
mesenchyme does not demonstrate a detectable inductive response.
We next asked if inductive markers could be activated in these cells by
ectopically activating the canonical Wnt pathway. In the absence of a
canonical Wnt signal, β-catenin, an essential transcriptional co-
activator of the canonical Wnt pathway, is sequestered in the
cytoplasm and marked for degradation by GSK-3β . In the presence
of a canonical Wnt input, β-catenin degradation is relieved, allowing
for its translocation into and accumulation within the nucleus. β-
catenin then forms an activating complex with Lef/TCF DNA bindingrescence of E11.5Wnt4GC/+ (A–E),Wnt9b+/− (F–J) andWnt9b−/− (K–O)metanephric
orHoechst 33258 (E, J, O).Merged images (D, I, N). Dashed lines (A–O) indicate the ureteric
d concave arrowheads (A–D) indicate Lef1+, GFP−, Pax2− and Lef1+, GFP+, Pax2+ cells,
3−, Pax2+ cells, Lef1+, Pax2+, Pea3+ cells and Lef1−, Pax2+, Pea3+ cells, respectively. Solid
a3−, Pax2+ and Lef1−, Pea3+, Pax2+ cells, respectively. Scale bars=50 μm.
Fig. 4. Cited1+ cells do not demonstrate a response to inductive signals. (A–T) Immunoﬂuorescent confocal microscopy of transverse sections of the E10.5 metanephric blastema
(A–E), saggital sections of E11.5 (F–J) and E12.5 metanephric kidneys (K–O) and frontal sections of E15.5 wild-type (P–T) metanephric kidneys. Samples immunostained for Lef1
(A, F, K, P), Pea3 (B, G, L, Q) and Cited1 (C, H, M, R). Nuclei stained for Hoechst 33258 (E, J, O, T). Merged images (D, I, N, S). Dashed lines (A–S) indicate ureteric epithelium. White
arrowheads and concave arrowheads (A–D, F–I, K–N, P–S) indicate Cited1+, Pea3+, Lef1− cap mesenchyme and Cited1−, Pea3+, Lef1+ stromal mesenchyme, respectively. Yellow
concave arrowheads (F–I, K–N, P–S) indicate Cited1−, Pea3+, Lef1+ induced cap mesenchyme. Yellow arrowheads (K–N, P–S) indicate Lef1+ cells adjacent to the ureteric
epithelium. Scale bars=50 μm.
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and Wynshaw-Boris, 2004).
Permanent expression of a non-degradable form of β-catenin
within Six2+ population causes ectopic pretubular aggregate forma-
tion, though these aggregates do not epithelialize properly (Park et al.,
2007). This experimental strategy activates β-catenin around E11.0,
prior to the full establishment of the novel sub-domains we have
identiﬁed (Fig. 2). It is therefore possible that the establishment of
these sub-domains plays a role in the attenuation of canonical Wnt
signals, in effect controlling which cells are induced, and which cells
remain in a progenitor state.
To test this hypothesis, we cultured E11.5 and E15.5 wild-type
metanephric kidneys for 8 h in the presence of the GSK-3β inhibitor 6-
bromoindirubin-3′-oxime (BIO) or carrier (DMSO). BIO effectively
mimics a canonical Wnt signaling response inhibiting GSK-3β-
mediated β-catenin turnover (Kuure et al., 2007; Meijer et al.,
2003). We also monitored the activity of the Axin2 promoter using
an Axin2tm1Jbeh (Axin2-LacZ) allele, where a β-galactosidase (β-gal)
coding sequencewas inserted into the endogenous Axin2 locus (Lustig
et al., 2002). Like Lef1, Axin2 is a direct target of the canonical Wnt
pathway in several circumstances; its presence is thought to function
as a negative regulator of canonicalWnt signaling (Fagotto et al., 1999;
Jho et al., 2002).X-gal staining of E11.5 (Fig. 5A) or E15.5 (Fig. 5I) Axin2-LacZ
metanephric kidneys treated with DMSO (control) demonstrated
Axin2 promoter activity in a few cells of the ureteric epithelium,
cortical stroma, cap mesenchyme and induced pretubular aggregates
(Figs. 5A, I, asterisk, dashed line, arrowhead and concave arrowhead,
respectively). In addition, immunostaining for Pax2, Cytokeratin and
Lef1 inwild-type control E11.5 metanephric kidneys showed a normal
distribution of all proteins, where Lef1 was only present in Pax2+
pretubular aggregates (Figs. 5C–D, concave arrowheads) and
Cytokeratin+ branching ureteric epithelium (Figs. 5C–D). Lef1 was
not present in Pax2+ capping mesenchyme (Figs. 5C–D, arrowhead).
Similarly, in E15.5 controls immunostained for Cited1, Cytokeratin
and Lef1, Cited1+ cells were Lef1− (Figs. 5J–L, arrowheads), whereas
the tips of the Cytokeratin+ ureteric epithelium and developing
nephrons were Lef1+ (Figs. 5J–L, concave arrowheads).
When treated with BIO, Axin2 promoter activity appeared to
increase in the E11.5 and E15.5 cortical interstitium (Figs. 5E, M,
asterisks). Whereas, X-gal activity increased in the E11.5, ureteric
epithelium and cap mesenchyme (Fig. 5E, dashed line and arrow-
heads, respectively), a similar increase over controls was not detected
in these areas at E15.5 (Fig. 5E, dashed line and arrowheads,
respectively). No appreciable increase was seen in induced nephrons
at either stage (Figs. 5E, M, concave arrowhead). Immunostaining of
Fig. 5. Global activation of canonical Wnt signaling does not ectopically induce markers of induction within the cap mesenchyme. (A–H) DMSO treated (A–D) or BIO treated (E–H)
E11.5 metanephric kidneys of Axin2-LacZ (A, E) or wild-type mice (B–D, F–H). Sections stained for X-gal (A, E), immunostained for Pax2 (green) and Cytokeratin (blue) (B, F) or
immunostained for Lef1 (red) and Cytokeratin (blue) (C, G). Merged images (D, H). (I–P) DMSO treated (I–L) or BIO treated (M–P) E15.5 metanephric kidneys of Axin2-LacZ (I, M) or
wild-type mice (J–L, M–O). Sections stained for X-gal (I, M), immunostained for Lef1 (green) and Cytokeratin (blue) (J, N) or immunostained for Cited1 (red) and Cytokeratin (blue)
(K, O). Merged images (L, P). Dashed lines, asterisks, arrowheads and concave arrowheads (A, E, I, M) indicate X-gal+ ureteric epithelium, cortical interstitium, cap mesenchyme and
induced cap mesenchyme, respectively. Arrowheads and concave arrowheads (B–D, F–H, J–L, N–P) indicate Lef1− cap mesenchyme and Lef1+ induced cap mesenchyme,
respectively. Arrows (F–H, N–P) indicated elevated Lef1 levels in cortical interstitium after BIO treatment. Scale bars=50 μm.
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Lef1 or at E15.5 for Cited1, Cytokeratin and Lef1 revealed that Lef1 was
not ectopically activated in the E11.5 Pax2+ or E15.5 Cited1+ capping
mesenchyme (Figs. 5F–G, N–P, arrowheads). Both the E11.5 and E15.5
Cytokeratin+ branching ureteric epithelium (Figs. 5F–G, N–P) and
developing nephrons were Lef1+ (Figs. 5F–G, N–P, concave arrow-
heads). Interestingly, BIO treatment appeared to increase Lef1 levels in
the E11.5 Pax2− or E15.5 Cited1− cortical interstitium (Figs. 5F–G, N–P,
arrows). Ectopic nephrons were not detected at either stage after BIO
treatment (Figs. 5E–H,M–P). Taken together these results suggest that
the cappingmesenchyme, but not the cortical interstitium, is normally
refractory to artiﬁcially increased canonical Wnt signaling.
Lef1 is present in the interstitium and tips of the branching nephric duct
In addition to the developing nephrons, Lef1+ cells were detected
in the interstitial cleft mesenchyme and in the tips of the invading or
branching ureteric epithelium at E10.5, E11.5, E12.5 and E15.5
(Figs. 4A–T concave arrowheads and dashed lines, respectively).
Furthermore, at E11.5 (Figs. 3A–E, arrowheads), E12.5 and E15.5
(Figs. 4K–T, yellow arrowheads), Lef1+ cells were observedsurrounding the stalk of the ureteric epithelium. Canonical Wnt
signaling is required within the branching ureteric epithelium
(Bridgewater et al., 2008; Marose et al., 2008) and recent studies
in our laboratory have demonstrated a direct requirement for
canonical Wnt signaling in the development of the central nervous
system vasculature (Stenman et al., 2008), raising the possibility
that Wnts may also regulate kidney vascular progenitor populations.
To determine if Lef1+, Pea3+, Cited1− cells were interstitial or
endothelial cells, we used a Cre driver line, Foxd1eGFPCre/+ (Foxd1GC/+)
(A Kobayashi and AP McMahon, unpublished data), and the Gt(ROSA)
26tm1Sor (R26R) (Soriano, 1999) reporter allele to activate β-gal in all
renal interstitial cells, enabling these lineages to be distinguished. In
E15.5 Foxd1GC/+;R26R kidneys, Lef1+, β-gal+ cells were detected
within the cleft of the branching nephric duct and surrounding the
stalk of the ureteric epithelium (Fig. S1, concave arrowheads and
yellow arrowheads, respectively). In contrast, no Lef1+, Flk1+ cells
were detected (Fig. S1, white arrowheads), indicating that interstitial
mesenchyme and not vascular progenitors are a likely Wnt target.
Thus, canonical Wnt signaling may play a role in several distinct
cellular compartments; descendants of the cap mesenchyme, the
branching ureteric epithelium and the developing renal interstitium.
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Induced cap mesenchyme cells form the pretubular aggregate,
which is the precursor to the renal vesicle. We noted in our previous
analysis that Wnt4, Pea3 and Lef1 were present in developing
nephrons, but that their distribution was not homogenous (Fig. 4).
Previous reports have demonstrated that the renal vesicle is a
polarized structure (Grieshammer et al., 2005; Nakai et al., 2003;
Perantoni et al., 2005; Piscione et al., 2004), but the onset of
polarizationwith respect to induction has not been clearly established.
E-cadherin is expressed weakly within cells of the renal vesicle, and in
cells of the nephric duct epithelium and maturing nephron structures,
but not in the pretubular aggregate (Figs. 6A, D, F, I, K, N) (Park et al.,
2007). Furthermore, unlike mature renal vesicles, pretubular aggre-
gates lack a laminin+basementmembrane (Kobayashi et al., 2008; Self
et al., 2006). In either E-cadherin− pretubular aggregates (Figs. 6A–D,
asterisk) or E-cadherin+ renal vesicles (Figs. 6A–D, dashed line) of
E15.5 Wnt4GC/+ kidneys, levels of Lef1 and GFP were distributed
unequally. Cells containing higher levels of Lef1 tended to have lower
levels of GFP and vice versa (compare concave arrowheads with
arrowheads in Figs. 6A–D). This unequal distribution was also seen in
laminin− pretubular aggregates (Fig. S2) and became more apparent
as the nephron matured into the E-cadherin+ S-Shaped body
(Figs. 6F–J). Cells in distal structures of the S-Shaped body were
E-cadherin+, Lef1+, GFP− (Figs. 6F–I, concave arrowhead),
whereas, cells of the mid to proximal structures had lower levels
of Lef1 and were GFP+ (Figs. 6F–I, arrowhead).
Lhx1 is present at low levels throughout the ureteric epithelium
(Figs. 6K–O, dashed line), and up-regulated within both the
pretubular aggregate and throughout the developing nephron
(Figs. 6K–N). Furthermore, during nephrogenesis, it is required
downstream of Wnt4 and Fgf8 in distal nephron structure formationFig. 6. Differential gene expression in pretubular aggregates, renal vesicles and developing S
kidneys immunostained for E-cadherin (A, F), Lef1 (B, G, L), GFP (C, H, M) and Lhx1 (K). Nucle
(A–D) indicate E-cadherin+ renal vesicle and E-cadherin− pretubular aggregate, respectivel
arrowheads (A–D) indicate Lef1high, GFPlow and Lef1low, GFPhigh cells, respectively. White ar
respectively. White arrowheads and concave arrowheads (A–D) indicate Lef1low, Lhx1+ and(Grieshammer et al., 2005; Kobayashi et al., 2005a; Perantoni et al.,
2005). Within the developing nephron of Wnt4GC/+ E15.5 kidneys,
Lhx1 was present in both Lef1+, GFP− distal structures (Figs. 6K–N,
concave arrowheads) and Lef1+, GFP+ mid to proximal structures
(Figs. 6K–N, arrowheads). Thus, it is evident that these markers are
unequally distributed in the pretubular aggregate prior to its
morphogenesis into an epithelial renal vesicle providing the earliest
evidence of nephron polarity. Furthermore, the distribution of Wnt4
and Lef1 suggests that Wnt signaling could itself play a role in
regulating nephron polarity during the morphogenesis of epithelial
nephron precursors.
Discussion
Molecularly and spatially distinct populations within the cap
mesenchyme deﬁne the nephron progenitor pool
Previous studies have demonstrated that the Six2+ cap mesench-
yme population incorporates the nephron progenitor pool (Kobayashi
et al., 2008). Six2 itself is required for self-renewal of nephron
progenitors through an as yet undeﬁned inhibition of canonical Wnt
signaling (Kobayashi et al., 2008; Self et al., 2006). The Wnt mediated
inductive process activates a nephrogenic program within cap
mesenchyme (Carroll et al., 2005; Park et al., 2007), leading to the
activation of aWnt4+, non-renewing population that is committed to
a nephron forming fate (Kobayashi et al., 2008).
In the simplest model, Six2 activity would be sufﬁcient to both
represses induction and maintain nephron progenitors. However, we
identiﬁed a population of GFP+ (Wnt4+), Six2+ cells in a sub-domain
of cap mesenchyme, the induced mesenchyme, just ventral to the
branching ureteric bud, a population that likely represents an early
stage of the inductive process whereby cells retaining Six2 are-shaped bodies. (A–O) Confocal immunoﬂuorescence of E15.5 Wnt4GC/+ metanephric
i stained for Hoechst 33258 (E, J, O). Merged images (D, I, N). Dashed lines and asterisks
y. Dashed lines (K–O) indicate the ureteric epithelium. White arrowheads and concave
rowheads and concave arrowheads (F–I) indicate Lef1+, GFP− and Lef1low, GFP+ cells,
Lef1high, Lhx1+ cells, respectively. Scale bars=50 μm.
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not sufﬁcient to attenuate renal vesicle induction suggesting the
involvement of other regulatory factors.
Consistent with this hypothesis, a Cited1+ sub-domain occupies
the majority of the Six2+ capmesenchyme, the capping mesenchyme.
This population is negative for both markers of induction (Wnt4 and
Lhx1) and indicators of canonical Wnt signaling (Lef1). Additionally,
we demonstrate that upon BIO-mediated activation of canonical Wnt
signaling, Cited1+ cells activate negative regulators of the canonical
Wnt pathway (Axin2), but not feed-forward components of the
pathway (Lef1). A recent report demonstrates that descendants of
Cited1+ cells give rise to all cells within the main body of the nephron
and, as with Six2+ cells, are capable of self-renewal (Boyle et al.,
2008). Cited1 has been shown to physically interact in vitrowith both
β-catenin and Smad proteins, acting as a bi-functional co-factor that
attenuatesWnt signalingwhile promoting BMP signaling (Plisov et al.,
2005). Both Cited1 and Cited2 are expressed within the cap
mesenchyme and Cited1;Cited2 double mutant kidneys have reduced
nephron numbers, though the mechanism underlying this phenotype
has not been explored (Boyle et al., 2007). Interestingly, reduced
nephron number is reminiscent of Bmp7 mutants where cap
mesenchyme survival is diminished (Dudley et al., 1995; Dudley and
Robertson, 1997).
Interestingly, Cited1 is gradually acquired within the Six2+
capping mesenchyme, several days after the Six2+ cap mesenchyme
and Foxd1+ interstitial mesenchyme progenitors segregate from an
Osr1+ intermediate mesoderm pool (Boyle et al., 2007; Mugford et al.,
2008b; this study). Thus, neither expression nor function of Cited1
correlates with speciﬁcation of nephron progenitors. Rather, these
data suggest that Cited proteins may contribute to the maintenance of
the self-renewing capping mesenchyme. As the ureteric epithelium
branches, the number of capping mesenchyme cells per branching tip
is reduced (compare Pax2+ cap mesenchyme cells in Fig. 3A with
those in Fig. 2P). Furthermore, we previously demonstrated that the
total number of Six2+ cells increases from ~10,000 to ~180,000 from
E11.5 to post-natal day 1 (P1), while the number of UB tips increases
from 2 to ~3000 over the same period (Kobayashi et al., 2008). This
equates to an approximate reduction of nephron progenitors per UB
tip by ~83-fold (~5000 cells/tip at E11.5 compared to ~60 cells/tip at
P1). It is therefore likely that a tighter control of nephron induction is
required to ensure that nephron progenitors are maintained through-
out kidney organogenesis. Taken together, these data suggest that the
Cited family of transcriptional co-factors may ﬁne-tune the response
of the cappingmesenchyme to both survival and inductive signals and
suggests that Cited1 marks the deﬁnitive nephron precursor domain.
Interestingly, the E11.5 and E15.5 capping mesenchyme both
appear to be refractory to BIO-mediated activation of canonical Wnt
signaling in explant culture. In contrast, activation of a non-
degradable form of β-catenin within the Six2+ domain causes
ectopic induction within cap mesenchyme cells, though these
ectopic induced structures do not epithelialize (Park et al., 2007).
These results may reﬂect simple technical differences such as the
availability of BIO within the Six2+ capping mesenchyme in
cultured kidneys. Alternatively, they may suggest other mechanisms
that are GSK-3β independent that may regulate β-catenin activity in
this compartment.
A dual role for Eya1 during metanephric development
The presence of Eya1 in only a sub-domain Six2+ cells, the outer
capping mesenchyme, is of particular interest. The metanephric
kidney does not develop in Eya1 mutants, as both Six2 and Pax2
expression are absent and the metanephric mesenchyme undergoes
apoptosis (Sajithlal et al., 2005; Xu et al., 1999, 2002). Therefore, it is
surprising that an apparent Pax2+, Six2+, Eya1− sub-domain exists.
However, Eya1 is expressed in the IM mesenchyme prior to thedevelopment of the metanephros (Mugford et al., 2008a; Sajithlal et
al., 2005), so the phenotype observed in Eya1 deﬁcient embryos may
be due to global defects in IM development and speciﬁcation that
occur prior to metanephric speciﬁcation.
The Eya proteins are co-factors that, together with Six, Pax, Dach,
and potentially Hox family members, form evolutionary conserved
transcriptional complexes that function in many developmental
contexts, including the eye, ear and kidney (Brodbeck and Englert,
2004; Gong et al., 2007; Hanson, 2001). However, as Eya proteins have
no apparent DNA binding domain, Eya transcriptional target speciﬁ-
city hinges upon the speciﬁc combination of DNA binding transcrip-
tional regulators present within each speciﬁc complex (Ohto et al.,
1999). Furthermore, a previous study demonstrates that Eya proteins
contain phosphatase activity and act directly on Six proteins to alter
their transcriptional activity from that of a repressor to an activator (Li
et al., 2003).
Both Six1 and Six2 are required for the development of the
metanephric kidney, though their mutant phenotypes suggest that
they have different functions (Kobayashi et al., 2008; Self et al., 2006;
Xu et al., 2003). Six1 is expressed in the IM prior to metanephric
development and Six1 mutants have a similar phenotype to that of
Eya1 mutants (Xu et al., 2003). Additionally, Six1 is down-regulated
in the cap mesenchyme after E11.5 (Mugford et al., 2008a; Xu et al.,
2003), indicating that its function is not required after the initial
speciﬁcation of the cap mesenchyme. Conversely, Six2 is not required
for the speciﬁcation of the cap mesenchyme; rather it acts down-
stream of both Eya1 and Six1 and functions in the self-renewal of
nephron progenitors (Sajithlal et al., 2005; Self et al., 2006; Xu et al.,
1999, 2003, 2002). As their transcriptional targets have not been
identiﬁed, their precise molecular actions are not clear.
Further, Eya1 may play distinct roles during metanephric organo-
genesis dependent upon the Six protein it associates with; Six1 in the
initial speciﬁcation of a nephric mesenchyme anlage and Six2 in the
maintenance of this population in the developing kidney thereafter. In
this latter function, it is tempting to speculate that the presence or
absence of Eya phosphatase activity may discriminate distinct cell
populations within the nephron progenitor pool such as those that
might continue to repopulate the capping mesenchyme from those
that establish a permissive state for progression to renal vesicle
induction. Based on our expression data, these populations may be
represented by the inner capping mesenchyme and the outer capping
mesenchyme, respectively. It is also possible thatMeox1, Bbx and Dpf3
play speciﬁc roles in this process; however, the function of these genes
within kidney development is unknown. New genetic tools that
enable these populations to be isolated, manipulated and their fates
traced will likely be informative.
A potential model for nephron vascularization
Our analysis of the mesenchyme population has also detected a
population of vascular cells stereotypically locatedwithin the cleft of the
ureteric bud. The developing podocytes within the proximal S-shaped
body activate Vegf, a potent mitogen and chemo-attractant for
endothelial cells (Coultas et al., 2005; Kitamoto et al., 1997; Loughna
et al., 1997; Yancopoulos et al., 2000). Conﬂicting reports suggest an
extra-renal anlagen (Sariola et al., 1983) and a renal anlagen origin
(Loughna et al., 1997) for the kidney vasculature thatmay be reconciled
if there are multiple modes by which regional vascular structures
originate within different regions of developing kidney. The presence of
vascular cells that are not organized into mature endothelial networks
within the cortical domain where nephron precursors are emerging
suggests a model whereby a resident cluster of endothelial cells is
maintained within the cleft of each branching ureteric epithelium. In
thismodel, vascular invasion of each Bowman's capsule is ensured by an
appropriately positioned cluster of endothelial cells located in close
proximity to newly forming nephrons.
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Though canonicalWnt signaling has been shown to play critical roles
in theureteric epithelial,medullary interstitiumandnephronprogenitor
populations (Carroll et al., 2005;Marose et al., 2008; Yu et al., 2009), the
demonstrationof likelyWnt activity in the cortical interstitium is a novel
observation. Here, non-vascular Lef1+ cells reside within cortical
interstitial progenitors located within the cleft of the branching tips of
the ureteric epithelium. Further, Lef1 levels are increased upon BIO
addition, a treatment expected to enhanceβ-cateninmediated canonical
Wnt signaling. A recent report demonstrates that the genetic removal of
β-catenin from the Foxd1+ interstitium and its descendants phenoco-
pies mutations inWnt7b activity and abolishes renal medulla formation
(Yu et al., 2009). It is therefore, possible that the cortical cells identiﬁed
in this study are responding toWnt7b; however,Wnt7b is not expressed
in the branching UB tips, rather it is restricted to the stalk of the
collecting duct epithelium. Furthermore, other Wnt ligands are
expressed in the branching ureteric epithelium, such as Wnt6 (Itaranta
et al., 2002). It is therefore possible that these cortical cells are out of
physical range of Wnt7b and responding to a different Wnt ligand. It
wouldbeof interest to evaluate Lef1presence in cortical interstitiumand
the subsequent consequences to interstitial development in the absence
of these other Wnt ligands.
Gene expression within pretubular aggregates and developing nephrons
reveal potential roles for coordinated Fgf and canonical Wnt signaling in
nephron pattern speciﬁcation
The polarized distribution of Wnt4, Pea3 and Lef1 prior to E-
cadherin activation suggests a polarization in nephron precursors that
precedes formation on an epithelial, renal vesicle. Given a later
observed polarization that clearly correlates with proximal–distal
polarity in the nephron, it is tempting to speculate that pre-epithelial
polarity also reﬂects an emerging proximo-distal axis. Given, the
repetitive nature of nephrogenesis, deﬁnitive proof of this conjecture
will be difﬁcult. We demonstrate that Pea3 is present within
presumptive distal nephron precursor cells. Previous reports have
shown that Fgf8 is also expressed in these cells and is required for the
activation of transcriptional regulator Lhx1 (Grieshammer et al., 2005;
Perantoni et al., 2005). Lhx1, in turn, is upstream of Brn1 (Kobayashi et
al., 2005a), a transcriptional regulator that is both expressed in
presumptive distal nephron precursor cells and required for the
development of distal nephron structures (Nakai et al., 2003).
However, in addition to Pea3, Lef1, but not Wnt4, is present at high
levels throughout distal nephron segments, suggesting a possible role
for canonical Wnt signaling in this population. The localized
expression of Pea3 and Lef1 may reﬂect responses to Fgf8 (autocrine)
and Wnt4 (paracrine) signaling, respectively in the precursors of
distal nephron segments. The convergence of these two signaling
pathways within the most cortical cells of the pretubular aggregate,
closest to the ureteric epithelium, correlates with Lhx1 expression and
may be critical in the Lhx1-directed development of distal nephron
structures (Kobayashi et al., 2005a).
Wnt4 is also expressed in mid to proximal structures of the
developing S-shaped body. Here Lef1 is present, but at lower levels.
The Notch signaling pathway is both necessary and sufﬁcient for the
development of proximal nephron structures (Cheng et al., 2007,
2003; Piscione et al., 2004; Wang et al., 2003), however the genetic
interactions between the Wnt and Notch pathways has not been
addressed and this data may reﬂect a potential convergence of both
pathways in proximal nephron development.
In conclusion, transcriptional analysis has deﬁned new cellular
domains within the kidney progenitor compartments. Furthermore,
virtually all cells within the nephrogenic zone can be accounted for by
the capping mesenchyme, induced mesenchyme, interstitial mesench-
yme precursors, ureteric epithelium, vascular cells and their respectivedescendants. We suggest new models as to how the capping
mesenchyme may be repopulated; the signals and transcriptional
regulators that maintain the cap mesenchyme; mechanical models
involving the vascularization of glomeruli; differentiation of interstitial
stroma; and patterning of nephron segments. These descriptions
provide the basis for the building of precise, testable hypotheses to




Animal care and research protocols were performed in accordance
with Harvard University's institutional guidelines, following approval
by Harvard University's institutional committee on animal use. For
staging of embryos, the morning of vaginal plug was designated as
embryonic day 0.5 (E0.5).Gt(ROSA)26tm1Sormice (Jackson Laboratories)
(R26R) were genotyped as previously described (Soriano, 1999).
Wnt9b+/− and Wnt9b−/− embryos were generated by intercrossing
Sox2-cre;Wnt9b+/− and Wnt9bc/− lines and were genotyped as pre-
viously described (Carroll et al., 2005). Osr1m1(cre/ERT2)Amc (Osr1GCE/+)
(Mugford et al., 2008a) and Axin2tm1Jbeh (Axin2-LacZ) mice were
genotyped as previously described (Lustig et al., 2002). The generation
and genotyping of the Foxd1GC/+ (A Kobayashi and AP McMahon,
unpublished reagent), Wnt4GC/+ (A Kobayashi and AP McMahon,
unpublished reagent) will be described in future publications.
Metanephric culture
E11.5 or E15.5 WT or Axin2-LacZ metanephric kidneys were isolated
and cultured (8 h, 37 °C, 5.9% CO2) in DMEM+10%FBS, 0.29 mg/ml
L-Glutamine, 100 U/ml Penicillin, and 100 mg/ml Streptomycin with
either 4 μM BIO in DMSO or DMSO only. Samples were thenwashed 3×
in PBS, ﬁxed for 1 h on ice in cold 4%PFA in PBS and washed thoroughly
in PBS.
Histological analysis
A more detailed description of all histological methodologies and
modiﬁcations can be found in the Supplementary material. All section
in situ hybridizations were carried out as previously described (Little
et al., 2007; McMahon et al., 2008) with slight modiﬁcations. In situ
hybridization and X-gal stained samples were imaged on a Nikon
Eclipse 90i compound microscope with a Nikon DXM1200C camera
(Nikon Instruments). Information regarding in situ probe design may
be obtained at www.gudmap.org. Immunoﬂuorescence was carried
out as previously described (Mugford et al., 2008a). The following
antibodies and dilutions were used: anti-Cited1 (LabVison, 1:500),
anti-Foxd1 (1:2000) (Mugford et al., 2008b), anti-Six2 (1:1000)
(Kobayashi et al., 2008), anti-Pax2 (1:250, Covance), anti-GFP (1:500,
AvesLabs), anti-pan-cytokeratin (1:500, Sigma), anti-b-galactosidase
(1:500, AbCam), anti-Lhx1 (1:50, DSHB), anti-E-cadherin (1:200,
Zymed) anti-Flk1 (1:1000, BDPharmigen), anti-Pea3 (1:1000), anti-
Laminin (1:300, Sigma) and anti-Lef1 (1:100, Cell Signaling). Appro-
priate Cy2, Cy5 (1:500, Jackson Immuno), Alexa488, Alexa568,
Alexa647 or HRP (1:500, Invitrogen) conjugated secondary antibodies
were used to detect primary antibodies. Nuclei stained with Hoechst
33342 (Invitrogen). Experiments requiring the simultaneous use of
two rabbit antibodies were conducted using Zenon kits (Invitrogen).
Confocal images were acquired at 1 μm optical slices on a Zeiss
LSM510 META confocal microscope (Zeiss) or a Leica SP2 ABOS
confocal microscope (Leica).
Accepted histological properties of cells within the nephrogenic
zone (as described in Little et al. (2007)) were used to assign gene
expression to a speciﬁc cell type. To eliminate bias due to location of
322 J.W. Mugford et al. / Developmental Biology 333 (2009) 312–323any branching tip, care was taken to examinemultiple kidneys (N3) in
numerous cortical locations when scoring any individual expression
pattern.
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